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[1] We construct the dynamic ocean topography (DOT) of
the Arctic Ocean, for five ICESat campaigns (winter of
2004–2008), using sea surface height estimates in open
leads. Results show that the mean winter DOT over the
Arctic Ocean varies by ∼1 m and features a distinct dome
of ∼40 cm over the Beaufort Sea. Standard deviation of
the mean field is ∼20 cm. Spatial coherence between the five
winter DOTs is consistently high (>0.9), whereas the coher-
ence between the DOTs and the winter (DJFM) sea‐level
pressure fields over the Arctic Basin is variable. This sug-
gests persistence of the underlying hydrodynamic processes
at interannual time‐scales compared to seasonal atmospheric
forcing. Comparison of dynamic heights (DH) from hydro-
graphic surveys and the DOT in 2008 shows a remarkable
correlation of 0.92. The geostrophic velocity fields com-
puted from the DOT and interpolated DH fields highlight
the smaller scale oceanographic features in the satellite esti-
mates. Citation: Kwok, R., and J. Morison (2011), Dynamic
topography of the ice‐covered Arctic Ocean from ICESat,Geophys.
Res. Lett., 38, L02501, doi:10.1029/2010GL046063.

1. Introduction

[2] The dynamic ocean topography (DOT) is the deviation
of the sea surface from the height of the geoid. Horizontal
gradients in the DOT determine the surface geostrophic cir-
culation. Prior to the era of satellite altimetry, oceanographers
have inferred variations in DOT from hydrographic mea-
surements by integrating the specific volume from the surface
to an assumed level of no motion. Gradients in the resulting
dynamic heights (DH) relative to the level of no motion yield
the velocity profile due to density gradients. Since the true
velocity at the level of no motion is not known, the barotropic
current associated with, for example the direct set up of the
sea surface by wind forcing, is not known. Satellite altimetry
derived estimates of DOT in ice‐free oceans have provided
the absolute DOT needed to register absolute velocity.
[3] In the past, sea surface height (SSH) measurements of

high latitude oceans are limited by the number of polar‐
orbiting altimeters, and restricted to regions with large
expanses of open‐ocean during the melt season. Peacock
and Laxon [2004] were the first to extract the SSH of the
ice‐covered seas from ERS‐2 data using radar echoes from
open leads, and the first to produce a map of SSH variability
of the Arctic Ocean between 60°N and 81.5°N.
[4] With the launch of ICESat in 2003, higher resolution

(50–70 m) and higher precision (shot‐to‐shot repeatability

of ∼2–3 cm) elevation profiles of the sea ice cover from the
lidar have allowed the unambiguous identification of new
openings (of water or thin ice) and thus improved SSH
estimates over the Arctic Ocean [Kwok et al., 2004]. With its
higher inclination orbit (94°), ICESat also covered a larger
fraction of the Arctic Ocean than previous altimeter mis-
sions. Recent work by Forsberg et al. [2006] provided an
initial assessment of a multi‐year mean DOT of the Arctic
Ocean using combined estimates of SSH from ERS and
ICESat SSH; they found reasonable agreement between
satellite‐derived and model estimates.
[5] The ICESat mission ended in 2010. Retrieval of SSH

in ICESat data has become more mature since its launch
[Kwok et al., 2007; Kwok and Cunningham, 2008]. In this
note, we provide a more in‐depth examination of the
DOT of the Arctic Ocean using SSH estimates from five
winter campaigns (2004–2008). In particular, we compare
the 2008 DOT with the DH estimates from hydrographic
measurements.

2. Data Description

2.1. ICESat Sea Surface Height and DOT

[6] ICESat elevation data from five winter campaigns
(2004–2008) are used in this note. Coverage of the altimeter
data is up to 86°N. Data products are of Release 431: the
latest available in terms of quality and precision at the time
of this writing. The length of each winter campaign is
∼34 days, and typically starts around mid‐February. Inter‐
campaign biases in elevation, due mostly to saturation issues
associated with varying received laser energies, were esti-
mated by a comprehensive analysis of all crossover eleva-
tion differences at Lake Vostok, Antarctica (provided by
C. Shuman, unpublished data, 2010). These biases have been
removed. Because the relative biases are proportional to the
magnitude of received laser energies, the biases are generally
moderate because of the lower received energies from the sea
surface. For relatively level surfaces, the expected uncer-
tainty of individual absolute elevation estimates after the
removal of the biases is ∼15 cm.
[7] We compute the DOT (hd) as the difference between

the height of the sea surface (h) and that of the EGM2008
geoid – both measured relative to the WGS84 ellipsoid
[Pavlis et al., 2008]: hd = h – hgeoid (Figure 1a). Here, h is
the elevation of the sea surface from ICESat after removal of
tides (ocean, load, and solid earth) and the inverted
barometer effect [Kwok et al., 2006]. Figure 1b shows the
mean DOT from the five winter campaigns (discussed in the
next section). Since a large fraction of the Arctic Ocean is
covered by sea ice for most of the year, observations of the
sea surface are available only where open water is exposed
along occasional cracks in the ice cover (leads). As leads are
finite in width (typically less than ∼100 m), the spatial
resolution of the ICESat lidar (50–70 m) limits the number
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of available sea surface observations. Ice/water classifica-
tion procedures [Kwok et al., 2007] are used to identify the
set of sea surface samples that are of interest in the present
analysis. The ice returns are not used.

2.2. Hydrographic Data

[8] The North Pole Environmental Observatory (NPEO)
airborne hydrographic survey (Figure 2) in March–April

2008 has been discussed by McPhee et al. [2009] and Alkire
et al. [2010]. It included 35 stations made by landing an
aircraft on the sea ice in the Beaufort Sea (15) and North
Pole region (20) and measuring ocean temperature and
salinity profiles to 800 m depth with a Conductivity‐
Temperature‐Depth (CTD) instrument and recovering water
samples for chemical analysis. An additional eight stations
were made in the Beaufort Sea using Airdropped eXpendable

Figure 1. Dynamic ocean topography (DOT) of the Arctic Ocean from ICESat. (a) Geometric relationships between DOT,
sea surface height, geoid, and reference ellipsoid. (b) Mean DOT of the Arctic Ocean from five winter ICESat campaigns
(2004‐2008) using estimates of sea surface height in open leads. (c) Spatial density (counts) of sea surface estimates within
25 km by 25 km grids used in the construction. (d) DOT for the five winter ICESat campaigns (2004–2008). (e) Mean
DJFM (December through March) sea‐level pressure and ice motion of the five winters. (contour interval: 4 hPa)
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CTDs (AXCTD) in April 2008. These data were supple-
mented with CTD stations made by the Switchyard program
in the Lincoln Sea (11 stations in May 2008) and CTD data
from nine automated Ice Tethered Profiler (ITP) buoys
(http://www.whoi.edu/page.do?pid=20756). Data from the
buoys were limited to January to June 2008 (44 Spring ITP
10‐day averages) except 3 Fall ITP buoys from the southern
part of the Makarov Basin from September through
December 2008 (64 Fall ITP 10‐day averages). To resolve
the structure in the easternmost part of the Beaufort Sea, we

used CTD stations made by the Beaufort Gyre Exploration
Project (BGEP) in September and October of 2007 (yellow
points in Figure 2). These were corrected to springtime
profiles with a seasonal correction mainly in the upper
100‐m of the water column derived by taking the differences
in salinity and temperature profiles at the closest locations
sampled by NPEO in Spring 2008 and by BGEP in Fall
2007. These difference profiles were then added to the Fall
2007 profiles to yield proxy springtime profiles. Dynamic
heights, the integral of specific volume between pressure

Figure 2. (a) Arctic Ocean dynamic height from 2008 hydrography‐derived DH relative to 500 dbar. Data sources as
explained in the text are given according to the color of the station dots. (b) DOT ICESat altimetry in 2008. The white
shaded circle is the region not covered by ICESat and the DOT is wholly interpolated. The area shoreward of the white
line in the Canadian Basin is interpolated from sparse DOT observations due to an absence of lead returns. (c) DH from
hydrography versus DOT from ICESat at the 2008 hydrographic stations, correlation coefficient = 0.92.
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surfaces, relative to 500 dbar were computed for each sta-
tion, and the gradients in DH were used to estimate surface
geostrophic currents relative to the 500 dbar level.

3. Dynamic Ocean Topography From ICESat

[9] Figure 1c shows the spatial density and number of sea
surface returns used in the construction of the five winter
DOT fields (Figure 1d). The spatial density is determined by
the availability of open leads, as mentioned above, as well as
the convergence of the satellite tracks near the poleward
limits of the altimeter orbit. Clearly, the number of obser-
vations increases with latitude. Gaps in the DOT over the
Beaufort Sea in 2008 are due to the low density of leads
found in the ICESat data during that campaign. Sea surface
estimates at individual ICESat spots (∼50–70 m) are con-
volved with a 100‐km Gaussian‐kernel to obtain the
smoothed fields in Figure 1d. Smoothing serves to reduce
the noise of the sea surface measurements and the contri-
bution of residual geoid errors at length scales below the
width of the kernel.
[10] The mean field (Figure 1b) is an average of the five

winter DOT fields. Broadly, the spatial pattern of the mean
winter DOT of the Arctic Ocean (Figure 1) varies by ∼1 m
and features a distinct dome of ∼40 cm over the Beaufort
Sea with a gradual down slope across the Arctic Ocean
towards the Barents Sea. The standard deviation of the mean
field is ∼20 cm.
[11] The large‐scale spatial pattern of the five winter

DOTs certainly exhibit similar features. To measure their
similarity, we compare the standard deviation of the fields,
and calculate the cross‐correlation and differences between
the fields (see Table 1). The standard deviations of indi-
vidual fields range from 19 to 22 cm, while the differences,
at only 5 to 9 cm, are a fraction of the overall variability.
The Beaufort Sea dome of the 2005 DOT stands out as
being lower than the other winter fields.
[12] In 2006 the region of elevated DOT (Figure 1d,

center) expanded to an anticyclonic extreme at 145° W,
aligning the geostrophic transpolar drift in the ocean with
the Lomonosov Ridge. This is broadly consistent with the
shift in orientation of transpolar drift from 2000 to 2006
estimated on the basis of surface freshening in the North
Pole region [Morison et al., 2006] and trends in ocean
bottom pressure [Morison et al., 2007].
[13] Spatial coherence between the five winter DOTs is

consistently high (>0.9) and the mean field explains more

than 90% of the variability of the individual fields. These
results suggest that interannual variability in the winter DOT
is small relative to the mean pattern and the persistence of
the underlying hydrodynamic processes that sustain the sea
surface topography.
[14] In a steady state situation, we expect DOT to corre-

late spatially with NCEP/NCAR sea‐level pressure (SLP),
with domes (troughs) under highs (lows) in SLP (an indi-
cator of the geostrophic atmospheric circulation) because of
adjustment of the ocean circulation to Ekman convergence
(divergence) associated with negative (positive) wind stress
curl. To see how close Arctic Ocean DOT and SLP come to
the steady state ideal, we compute annual point‐to‐point
cross‐correlation between the winter DOTs and the
(December–March DJFM) SLP distributions. We chose the
four‐month DJFM average because we expect the ocean
response to be more of an expression of the average winter
SLP distribution than just the short‐term February–March
distributions. Results (Table 1) show that seasonal coher-
ence between the DOTs and the winter (DJFM) sea‐level
pressure fields over the Arctic Basin average 0.56 but are
highly variable year‐to‐year, ranging from 0.03 to 0.82. The
5‐year mean SLP field, however, explains ∼55% (correla-
tion coefficient = 0.74) of the mean DOT field suggesting
ocean adjustment to the atmospheric forcing at longer
time‐scales.
[15] Besides the large‐scale spatial and temporal vari-

ability, there are persistent small‐scale (200–500 km) fea-
tures that are prominent in the DOTs. One example is the
high DOT over the Northwind Rise (∼76°N, 160°E) and
associated northward flow over the Chukchi Cap (∼76°N,
165°W), which appear almost every year as a sometimes‐
dominant (e.g., 2006, 2008) western branch of the Beaufort
Gyre. Another is the 100–200 km relative depression in DOT
north of Prince Patrick Is. (∼79°N, 117° W) seemingly
associated with an eastward broadening of the continental
shelf in that region. These regional circulation patterns
associated with bathymetric structures persist in some form,
but vary with annual variations in the larger‐scale circulation.

4. Comparison of DOT With Dynamic Height
Field (2008)

[16] The surface DH relative to 500 dbar and the corre-
sponding velocities (Figure 2a) from the 2008 hydrographic
data show a doming of up to 50 cm and characteristic
anticyclonic circulation in the Beaufort Sea. The pattern is

Table 1. Cross‐Correlations and Standard Deviation of the Differences, in cm, Among the Dynamic Topography of
the Five Winter Campaigns and Their Correlations With the DJFM Sea‐Level Pressure Fieldsa

SD 2004 2005 2006 2007 2008 Mean Sea Level Pressure

2004 18.9 1.00 0.93
6.7

0.95
6.5

0.93
8.9

0.92
9.1

0.96
5.3

0.51

2005 18.9 1.00 0.96
5.6

0.94
7.7

0.92
9.1

0.97
4.5

0.66

2006 20.2 1.00 0.96
6.1

0.95
7.2

0.99
3.2

0.03

2007 21.9 1.00 0.95
6.7

0.99
4.4

0.78

2008 21.8 1.00 0.98
5.5

0.82

Mean 19.6 1.00 0.74

aSecond column shows the standard deviation of the individual fields.
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most intense in the southern third of the Canadian Basin,
with an intense westward flow at 72°N along the continental
slope to cross the Northwind Rise (∼75°N, 155°W) and a
tight eastward return flow at 75°N. There is also a strong
northward flow along the margin between the Northwind
Abyssal Plain (∼77°N, 160°W) and Chukchi Cap (∼79°N,
165°W), and division north of the Northwind Rise into a
southwestward flow and a west‐to‐east stream along 80°N.
However, the gyre as a whole extends to a significant degree
to fill the whole Canadian Basin, with an additional west–
to‐east velocity stream along the Alpha‐Mendeleyev ridges.
[17] In 2008, the main front in surface DH, which defines

the upper ocean contribution to the Transpolar Drift, is
aligned with the Alpha‐Mendelyev Ridge system. This is
virtually the same pattern found in 1993 [Morison et al.,
1998] at the heart of the 1990s cyclonic circulation pat-
tern. It contrasts with the anticyclonic pattern characterizing
pre‐1990s climatology [EWG, 1997], in which the front and
Transpolar Drift are lined up with the Lomonosov Ridge
(∼ along 135°E and 45°W).
[18] On the Eurasian side of the front, the DH and

velocities of Figure 2a suggest a cyclonic pattern sweeping
eastward across the Makarov Basin and Mendelyev Ridge
region (∼82°N, 180°) and feeding the two northern branches
(80°N and Alpha Mendeleyev Ridge) of Canadian Basin
eastward circulation.
[19] The February–March 2008 DOT and circulation from

ICESat (Figure 2b) largely matches the hydrography‐
determined pattern (Figure 2a). The only adjustment in this
comparison has been to recognize that the DH from
hydrography are not absolute and so to shift all values of
DH by the same constant so that the average of DH at the
hydrographic stations matches the average of DOT at the
hydrographic stations. The correlation between variations in
DOT and surface DH relative to 500 dbar at the hydro-
graphic stations (Figure 2c) is 0.92 (0.88 to 0.95 for 99%
confidence limits). The standard deviation of the difference
between DOT and the DH is 7.4 cm over a range of 80 cm.
[20] The main features of the DH (Figure 2a) and

DOT (Figure 2b) are the same. As with the hydrography‐
determined pattern, the DOT rendition of the Beaufort Gyre
is most intense (40+ cm peak in the dome) in the southern
Canadian Basin but extends to the Alpha‐Mendeleyev
Ridge system. The main differences in the Canadian Basin
are likely due to the improved spatial coverage and resolu-
tion of the ICESat DOT. The southwestward return flow
from 80–75°N, 140°W in Figure 2a is not distinct in
Figure 2b, and appears to be partly an artifact of interpolation
between distant hydrographic stations. Similarly, though the
Mendeleyev and 80°N eastward return streams appear in the
DOT‐derived pattern, they are less distinct than in these data
sparse regions of the hydrography. The exception is the hole
in ICESat coverage around the Pole indicated by the white
shaded circle in Figure 2b. DOT is interpolated across this
circle and the height gradients and velocities consequently
are unnaturally linear compared to the hydrography‐derived
heights and velocity fields near the Pole. The alignment of
the main front in DOT, like the DH of Figure 2a, is aligned
with the Alpha‐Mendeleyev Ridge system, supporting the
idea that the 2008 circulation pattern was cyclonic, similar to
the mid 1990s.
[21] The most obvious advantage of ICESat DOT is data

coverage, which includes the Russian shelves and major

potions of the Eurasian and Makarov basins, areas critical to
understanding Arctic Ocean circulation. In 2008, this dog-
leg‐shaped region extends through east longitudes roughly
paralleling the Russian continental slope. It is characterized
by a semi‐continuous trough of low DOT made up of sev-
eral segmented cells of cyclonic circulation. The pattern
carries shelf water, freshened by Russian river runoff east-
ward along the Russian coast. The Eurasian Basin cell
carries some shelf water around to the Eurasian side of the
Transpolar Drift. However the branches nearest the Russian
coast continue east across the shelf to the cyclonic cell in the
Makarov Basin and around a cyclonic cell in the East
Siberian – Chukchi seas (∼72°N, 180°) to feed the Beaufort
Sea across the Mendeleyev Ridge and Chukchi Cap.
[22] The DOT circulation pattern (Figure 2b) also reveals

smaller‐scale features that are only hinted at by hydrogra-
phy. As mentioned above (Figure 1b), DOT is characterized
by a semi–permanent, 100km anticyclonic dome (83°N,
167°E, arrow A, Figure 2b) in the middle of a larger‐scale
cyclonic pattern in the Makarov Basin. This is about 100 km
east of the center of a smaller anticyclonic feature picked up
in hydrographic data from two ITP buoys (Figure 2a). This
feature is nearly over a small seamount at the end of the
Oden Spur off the Lomonosov Ridge [Jakobsson et al.,
2004], suggesting the presence of a Taylor column. The
cyclonic feature in DOT at 79°N, 125°W (arrow B, Figure
2b) is similarly energetic and of similar size. It also seems
to be persistently associated with a bathymetric feature, a
wide segment in the continental shelf and with a poorly
resolved weaker cyclonic bend in the DH circulation
(Figure 2a). The wide spot in the shelf is punctuated by at
least one deep canyon, but we can only speculate that this
cyclonic circulation is connected with conservation of vor-
ticity over this relative bathymetric depression.

5. Conclusions

[23] In this note, we examined the DOT of the ice‐covered
Arctic Ocean constructed with SSH estimates from five
winter ICESat campaigns (2004–2008), and compared the
results with DH computed from hydrographic surveys. The
high‐resolution lidar allows the identification of sea surface
height in narrow leads. The mean winter DOT varies by ∼1 m
over the Arctic Ocean and features a distinct dome of ∼40 cm
over the Beaufort Sea. High spatial coherence (>0.9) between
the five winter DOTs suggests persistence and dominance of
the underlying hydrodynamic processes at interannual time
scales compared to seasonal atmospheric forcing.
[24] The agreement between ICESat‐derived DOT and

DH from 2008 hydrography (Figure 2) gives us confidence
in the DOT derivations and emphasizes the importance of
the baroclinic component of Arctic Ocean circulation. The
basic pattern of high DOT on the Pacific side of the basin
(particularly the Beaufort Gyre) and low DOT on the
Atlantic side (Figure 1) is in agreement with climatology,
but the ∼80 cm contrast between the Beaufort Gyre and
Fram Strait DOT (Figure 1) is twice as great as the differ-
ence in DH from 1950–2000 climatology [Steele and
Ermold, 2007], suggesting enhanced freshwater content on
the Pacific side [e.g., McPhee et al., 2009]. Between 2004
and 2008, the orientation of oceanic Transpolar Drift
determined by the orientation of the gradient in DOT
(Figure 2) is variable, but in 2008 is aligned with the Alpha‐
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Mendeleyev Ridge system (Figure 2). This suggests a
cyclonic circulation pattern reminiscent of the 1990s
[Morison et al., 1998]. The circulation in the Eurasian Basin
associated with this pattern is conducive to transport of
Russian river water eastward to the Canadian Basin [Steele
and Boyd, 1998], which would explain at least in part
freshening there [e.g., Proshutinsky et al., 2009; McPhee
et al., 2009].
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